Abstract: One molecule acts as both an AND and an XOR Boolean logic gate that share the same two photonic inputs. The molecule comprises a half-adder, adding two binary digits with only light as inputs and outputs, and consists of three covalently linked photochromic moieties; a spiropyran and two quinoline-derived dihydroindolizines. The AND function is based on the absorption properties of the molecule, whereas the XOR function is based on an off-on-off response of the fluorescence to the inputs that results from interchromophore excited state quenching interactions. The half-adder is simple to operate, and can be cycled many times.
Introduction
Many molecules can act as switches, changing structure among two or more states as a result of stimuli. This phenomenon may be harnessed to design molecules that respond to combinations of inputs in ways that correspond to Boolean logic operations, providing a potential basis for molecule-based computing. Arithmetic operations require combinations of two or more logic gates that carry out addition or subtraction. A number of molecular half-adders [1] [2] [3] [4] [5] [6] [7] and half-subtractors 4, 5, 8, 9 have been described, or discussed theoretically. 10, 11 These function through chemical inputs (e.g., acid, base, ions) that cause the switching operations. Chemical inputs are versatile and simple to implement in demonstrations of principle, but require physical access to the molecules, operate at speeds limited by molecular diffusion, require a solution phase, and lead to an increase in solution volume and buildup of salts or other byproducts after repeated cycling of the device. Molecular switches that use solely light as inputs and outputs avoid these problems. We have reported a variety of all-photonic switches and logic gates based on photochromic molecules. Photochromes photoisomerize between two forms upon exposure to light of various wavelengths. 1, [12] [13] [14] [15] [16] [17] [18] We recently reported a photonic half-adder based on two molecular logic gates and a third-harmonic-generating crystal. 1 Tian and coworkers have described a possible approach to a photochemically-driven half-adder based on a rotaxane, 6 although the function of the XOR gate portion requires reading different outputs, depending upon which inputs were applied.
Here, we report a molecular triad consisting of two different photochromes: a spiropyran and a quinoline-derived dihydroindolizine. Using two inputs of ultraviolet light, the molecule functions as an AND gate via its absorption spectrum and an XOR gate through its fluorescence properties. The XOR gate operates through a non-linear, sometimes called "neuronal," response to light that involves interchromophore excited state quenching. The combination of these two gate functions produces a halfadder with simple optical inputs and readouts.
Results and Discussion

3
We will first describe the performance of the half-adder, in order to give the reader a general understanding of how it works, and then discuss the functional details. A Boolean half-adder, characterized by truth Table 1 , carries out binary addition of two digits. It consists of an AND logic gate and an XOR gate that share two inputs, A and B. These inputs represent two binary numbers (0 or 1).
The AND gate, which generates the carry digit, yields an on response only when both inputs are on. The XOR (exclusive OR) gate produces the sum digit, and generates an on response when either A or B is on, but not when both inputs are on.
Half-adder molecule 122 ( Figure 1 ) consists of three photochromes linked to a central benzene, which functions as an organizational core. One chromophore is a spiropyran (1) , and the other two are identical quinoline-derived dihydroindolizines (2 Figure 2 ). Although the details of the kinetic processes are complex, the overall concept is simple: Irradiation at 355 nm leads to net isomerization in the direction of the arrows in Figure 2 , whereas thermal reversion results in net isomerization in the opposite direction. In the dark, the entire population is in state 1c2c2c, at the bottom of the hexagon. Under UV irradiation, the center of the population distribution rises towards the top of the hexagon; at steady-state, the center of this distribution is determined by the equilibria between the thermal and photochemical reactions, which are controlled by the light flux and temperature. The half-adder (Figure 3a) consists of a solution of 122 in a suitable solvent, two 355-nm light sources, and apparatus to measure absorbance at 581 nm, and fluorescence at 690 nm with 581-nm excitation. (For convenience, only a single light source was used to provide the two inputs in our experiments, as described in the Experimental Section.) In AND gate operation, when neither input is on, the molecule is in state 1c2c2c, and no outputs are on. When only one input is turned on, the total merocyanine concentration rises to a steady-state value determined by the light flux and the thermal reversion rates (Figure 2 ). This gives rise to some absorption at 581 nm, but the total absorbance is below a threshold level, and does not trigger an on response (Figure 3b ). When the second input, B, is turned on instead, the same steady-state absorbance is measured, and the gate remains off. However, when both inputs are turned on concurrently, the rate of formation of merocyanine increases, but the rate constants for thermal reversion remain unchanged. The center of the isomer distribution rises farther towards the top of the hexagon in Figure 2 , and a new, higher steady-state concentration of merocyanine is reached. The absorbance at 581 nm increases above the threshold, and the gate produces an on response ( Figure 3b ). These responses follow the truth table of an AND gate.
The XOR output is merocyanine fluorescence at 690 nm in 1o2c2c. When 355-nm light is applied to the sample, some 1o2c2c is formed, leading to an increase in fluorescence at 690 nm. However, if the light flux is increased, 1o2o2c, and finally 1o2o2o are generated from 1o2c2c, and these are essentially nonfluorescent due to quenching by the open dihydroindolizine. The result is that as the 355-nm light intensity is increased from zero, the steady-state fluorescence at 690 nm initially increases, goes through a maximum, and then decreases as the population of quenched isomers increases. In XOR gate operation with two 355-nm inputs, the steady-state emission is therefore significantly greater at the lower light levels generated by one input than at the higher light levels that are produced when both inputs are turned on ( Figure 3c ). The switching threshold for the XOR gate is exceeded when either input A or input B is applied, but not when both inputs are applied concurrently; this behavior meets the requirements for an XOR gate. After any combination of inputs, the gate can be reset to 1c2c2c
thermally, or by irradiating with red light.
From the description above, it is evident that a solution of 122 acts as a half-adder: two binary digits,
represented by the two inputs, are added ( Table 1 ). The paragraphs below discuss in detail the 6 preparation of the molecule, the photochemical properties of 122 and two model systems, and the performance and resistance to photochemical degradation of the half-adder.
Synthesis. The core of 122 was prepared from 5-aminoisophthalic acid, whose amino functionality was protected with a t-butoxycarbonyl group. The spiropyran acid was prepared as previously described. 19 The precursor of the quinoline-derived dihydroindolizine moieties of 122, 6-hydroxy-spiro- 18 we can assign the 45 ps lifetime in 3o to the major isomer, which absorbs at 593 nm and emits relatively strongly at 664 nm.
Quinoline-derived dihydroindolizine 4. As shown in Figure 5a , the thermally stable, closed form of the dihydroindolizine, 4c, has absorption maxima in the UV at 393 and 338 nm. continued, the population shifts towards the top of the hexagon in Figure 2 , and 1o2o2c and 1o2o2o make greater contributions to the absorbance at 581 nm. After 35 s, a steady-state distribution is 9 attained. The fraction of each of the six isomers is determined not only by the various rate constants for photoinduced opening and closing, but also the rate constants for thermal closing.
The dotted line in Figure 7a shows the results of a similar experiment carried out with the laser at a repetition rate of 10 Hz (28 mW average power). The concentration of merocyanine initially rises at about twice the rate observed in the first experiment, as expected. The steady-state concentration is higher because the rates of photochemical opening of the spiropyran (and photochemical closing) increase due to the doubled laser power, but the thermal closing rate constants are not changed, moving the steady-state distribution of isomers farther toward the top of the hexagon. As will be discussed later, this phenomenon forms the basis of the AND gate function. Figure 7b shows the results of a similar experiment in which the emission intensity of the merocyanine at 690 nm (excitation at 581 nm) was monitored.
Fluorescence as a function of isomerization rates.
Prior to excitation, there is no appreciable fluorescence because essentially no merocyanine is present.
With 355-nm excitation at 5 Hz (solid line), the emission intensity increases rapidly as some of the sample is converted to 1o2c2c, which is the only isomer that is significantly fluorescent. After about 3 s the emission intensity begins to decrease because 1o2c2c is being converted into 1o2o2c, some of which in turn is converted to 1o2o2o. Both of these latter isomers are virtually non-fluorescent due to quenching of the merocyanine excited states by the open dihydroindolizine moieties. After about 30 s, a constant emission level is reached, which is established by the steady-state distribution of the population among the six isomers. Thus, upon exposure to 355-nm light, emission from 122 increases to a maximum and then decreases to a steady-state value. This kind of "off-on-off" behavior has been termed "neuronal," because it resembles that of the chemical synapses of neurons. Several examples of neuronal behavior in molecular systems have been reported. [29] [30] [31] [32] [33] [34] When the average light flux is doubled by doubling the repetition rate of the laser to 10 Hz, the fluorescence intensity as a function of time is different (dotted line, Figure 7b ). Due to the higher light flux, the emission at 690 nm increases more rapidly than in the 5-Hz experiment because 1o2c2c is formed more rapidly from 1c2c2c. However, the intensity maximum is reached sooner, as the rates of formation of 1o2o2c and 1o2o2o are also increased. Most importantly, the steady-state emission intensity is lower than that observed with lower light flux. The reason is that with the higher flux, the steady-state distribution of isomers contains a higher fraction of the quenched isomers 1o2o2c and 1o2o2o, which are formed at the expense of the emissive 1o2c2c. This inverse behavior, where increased light intensity leads to lower emission intensity, forms the basis of the XOR gate. singlet-singlet energy transfer by the Förster mechanism would be extremely efficient. We therefore expect that energy transfer is the most likely quenching process. In any case, the nature of the quenching is not actually relevant for the performance of the device, which simply requires that quenching of some sort occur.
Performance as a half-adder. Given the discussion of triad photochemistry presented above, it is clear that 122 can act as a single-molecule half-adder with all-photonic inputs and outputs. As illustrated in Figure 3a , the two inputs, shared by both the AND and XOR gate functions, are light at 355 nm. In principle, these could be two steady-state light sources of equal intensity, but in this work we used a pulsed laser operating at 5Hz (for input A or input B; 14 mW average power) or 10 Hz (for both inputs on concurrently, 28 mW average power) for the sake of convenience. The output for the AND gate is the absorbance of the merocyanine in 1o2c2c, 1o2o2c, and 1o2o2o monitored at 581 nm. The output for the XOR gate is emission of the merocyanine in 1o2c2c, excited at 581 nm and monitored at 690 nm.
Although in principle both outputs could be induced by the same 581-nm analyzing light and measured with photodiodes having suitable geometries and interference filters, we measured them separately using a fluorimeter and absorbance spectrophotometer. In our implementation of the half-adder, both outputs were obtained 6.5 s after the input(s) were turned on, as this arrangement was convenient and gave good signal-to-noise ratios. From Figure 7 it is clear that the outputs could have been read at any later time, as long as the inputs were left on until the outputs were determined.
In operation, the initial state of the half-adder is 1c2c2c. This is the only significant species present in the dark at thermal equilibrium, and the system may be reset to this state after application of any combination of inputs by irradiation with red light (580 ≤ λ ≤ 900 nm). In this state, no visibleabsorbing isomers are present, and both outputs are off, representing the addition of 0 and 0 to give 00 in binary (Figures 3b and c) . If either input is turned on, the absorbance at 581 nm rises to a steady-state value, signaling formation of merocyanine. However, the threshold for an on response of the AND gate is set at a higher amplitude than this, so the AND gate remains off. With one input on, the emission of the merocyanine rises to a value above the threshold, signaling an on response of the XOR gate. Thus, the half-adder adds 0 and 1 (or 1 and 0) to give 01. Finally, if both inputs are turned on, the absorbance at 581 increases to a value above the threshold because additional merocyanine-containing species are produced. The AND gate yields an on output. The fluorescence at 690, however, is lower than that observed for only one input, due to fluorescence quenching, and the XOR output is off. Thus, the halfadder output is 10, or 2 in base-10 arithmetic. Figures 3b and c show the actual response levels attained in these experiments. The absorbance and emission data are essentially noise free under these conditions ( Figure 7 ).
Cycling and photodecomposition. To be useful in any real-world application, a molecular arithmetic device must be capable of cycling through its various states numerous times. Although the intent of this work is to demonstrate function, and not to produce a technological device, we did investigate the stability of 122 when cycling. Figure 8a shows the absorbance at 581 nm during a sequence of 10 reset (580 ≤ λ ≤ 900 nm, ca. 50 mW/cm 2 , 10 min), single input (355 nm laser pulses at 5 Hz, 14 mW average 13 power, 6.5 s), and dual input (355 nm laser pulses at 10 Hz, 28 mW average power, 6.5 s) exposures and readout operations. There is little or no degradation within the variations of the measurements. Figure   8b shows the emission at 690 nm following the same series of inputs and resetting operations. Again, little or no degradation is observed. Thus, the material is stable under these conditions when rigorously deoxygenated.
Conclusions
Triad 122 were on the order of a few hundred ns. If readout is performed only after steady-state conditions are reached ( Figure 7) , it is clear that thermal isomerization times will limit the device speed, and these will be governed by the temperature. However, from Figure 7 it is apparent that there is no need to wait until equilibrium is achieved in order to obtain adequate signal-to-noise ratios. Under the conditions employed, clear response differences are apparent in as few as 6 s after inputs are turned on. One disadvantage of this system is that the inputs must be on during readout, or turned off immediately prior to readout. Because of thermal reversion to the off form, the molecule does not record its state for more than a few minutes at room temperature after application of inputs ceases.
14 The system has several advantages over molecular arithmetic systems that depend upon addition of chemicals for some or all of the inputs. No physical access for materials to the volume element containing the half-adder is required, fluid solutions are not required, diffusional processes do not play a role, and resetting is possible without the buildup of side products and dilution that could eventually interfere with the operation of the system. Although this triad successfully demonstrates the function of a molecular half-adder, the usefulness of such molecular logic in real-world applications has yet to be determined. 
